Histone genes in D. hydei are organized in tandemly repeated clusters., accomodating in total 120 -140 repeat units. We cloned one of the repeat units and analysed the nucleotide sequence. The repeat unit has a size of 5.1 x lo3 base-pairs and contalns one copy of each of the genes coding for the core histones and one copy d i n g for the histone HI. In the promoter regions of the genes we identifled the presumptive cap sites and TATA boxes. Two additional sequence elements are shared by all five Dmophila hydel histone genes in the cluster. The sequence CCCTCT/G1 is found in the region upstream of the presumptive CAP sites. The sequence element AGTGAA occurs downstream of the presumptive cap sites and is, in contrast to the promoter element, also seen in the hlstone genes of Drosophila melanogaster [I]. Cellcycle dependent regulation of transcription of the Dmophila histone genes may be different from that in other eukaryotes since sequence elements involved in the regulation of cellcycle dependent transcription are absent. Also other regulatory elements for transcription differ from those of other genes. The highly consewed HI-specific promoter sequence AAACACA and the H2B specific promoter sequence ATTTGCAT, which are involved in the cell-cycle dependent transcription of those histone genes in eukaryotes, are missing in the Drosophlla genes. However at the 3' end of the genes the palindrome and the purine-rich reglon, both consewed sequence elements in histone genes of eukaryotes, are present. The spacer regions show a simple sequence organization. The silent site substitution rate between the coding regions of the D. hydel and D. melanogester histone genes is at least 1.5 times higher for Dnrsophlla than for sea urchin histone genes.
INTRODUCTION
The genes codlng for the highly conserved h~stones constitute a multigene family. Their structure and organizauon in the genome have been studled in a variety of species. In higher eukaryotes histone genes generally occur clustered in the genme (for review see [2] ). Two types of clustering have been identified. Ln the first type the genes are arranged In random clusters dispersed throughout the genome. Examples are chicken [3] , mouse [4] and man [5, 61. In the second type of arrangement h~stone genes are organized as tandemly repeated clusters with each cluster containing all genes for the core histones and for H1. T h~s has been found, for example, for the genes codlng for the early histones In sea urchm (for review see [7] ), Notophthalrnus [8] and Drosophila [9] .
In Drosophda melanogmer histone gene organization is known In detad. The majority of the histone genes, about 100 copies per haploid genome, exlsts in two types of repeat units called L (5.0 kb) and S (4.8 kb). They are localized In region 39 D-E of chromosome 2 [9, 101. The two types of clusters differ by an insertion of a 240 bp tRNAderived element in the H1 -H3 spacer region of the L unit 1, [9] . Most of the two repeat types occur not intermingled [ 1 11 . In addition to the tandem v t s , orphon genes of H3 and H2B may be present [12] .
Ln Drosophila virilis histone gene orgaruzatlon seems to be different from that In D. melanogarter. There are ~nd~cat~ons of a type of cluster w~thout an HI gene [13] . Furthermore, h~stone genes are located at two d~fferent sites as shown by in situ hybridization on polytene chromosomes [ 
141.
We initiated the analys~s of the D. hydei histone genes since we have ewdence for testis-specific histone variants ( [15] , and unpubl~shed data). We cloned a 5.1 kb histone repeat unit from an Eco RI genomic l~brary. A 5.1 kb EcoRI band is one of the main restriction fragments arising after hybridization with a D. hydei h~stone gene probe The 5.1 kb Eco RI fragment was sequenced. It contains the genes codmg for the core histones and HI. Sequence analyses of d i n g regions, promoter regions and the remaining spacer regions including comparisons to the recently published sequence of a D. melanogaster repeat unit of the L type [l] are presented. The results of our cornpanson of the DNA sequences of both species allow to conclude that some of the regulatory elements for transcription of the Drosophila histone genes differ from those of other eukaryotes.
MATERIALS AND METHODS

Drwphila strains
The wild-type strain of D. hydei from our laboratory collection was used.
Isolation of nucleic acids
For small-scale DNA extraction from flies we followed the procedure described by Huijser and Hennig [16] . DNA isolation of recombinant phages and plasmids were done according to standard protocols as described by Maniatis et al. [17] .
Hybridization of nucleic acids
Genomic DNA fragments from restriction digests were separated on horizontal 0.8% agarose gels according to Maniatis et al. [17] .
DNA blotting and hybridizations were done on Hybond N + membranes (Amersham) according to the Amersham protocols [18] .
Isolation of clone pDh6/7
A genomic library of D. hydei wild type DNA, partially digested with EcoRI and cloned in vector X641 was probed with nicktranslated DNA of clone p604 [19] containing the genes 23.7, 9.5. 6.7. Fig. 1 . Hybridization of pDho/7 insert DNA to blots of BamHI-(lane 1) and EcoRI-(lane 2) digested genomic DNA of male flies With genomic DNA of female flies the same results were obtained (data not shown) The molecular weight marker was HindlU-digested lambda DNA large arrowhead, 5 I kb; asterisk, 2 9 kb, small arrowhead, 2.3 kb coding for H1 and the core histones of D. melanogaster. One of the selected D. hydei clones was designated X Dh6/7 and studied in detail. The 5.1 kb insert of this clone was recloned in pBR328 and designated as pDh6/7. Screening, subcloning and isolation of recombinant DNA were performed according to protocols of Maniatis et al. [17] . A second D. hydei clone was designated XDh6/8. It has an insert of 2.3kb. The insert was recloned in pBR328 and designated as pDh6/8.
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DNA sequencing
Cloning of selected as well as random restriction fragments of insert DNA of the clone pDhH6/7 in M13mp 18-19 [20, 21 ] and isolation of single-stranded templates were performed according to the Amersham protocols [22] , The nucleotide sequences were determined by the dideoxy chain termination method of Sanger [23] . In the last steps of sequencing oligonucleotide primers synthesized according to known parts of the sequence were used. Parts of the sequence were determined from denatured M13 RF DNA of the subclones using T7 DNA polymerase according to protocols of Pharmacia. The DNA sequence was determined for both strands.
DNA sequence analysis
For assembly of gel readings the computer program of Staden [24] was used. The GCG sequence analysis software package version 5, 1987 (University of Wisconsin, Biotechnology Center), was used for further sequence analyses. fig. 1, lane 2) shows heterogeneity within the repeats. The 5.1 kb band represents one of the main bands. The 2.3 kb and 2.9 kb fragments most likely together form one repeat unit comparable to the unit represented in clone pDh6/7. By Southern blot analysis it was determined that HI coding sequences are present in both fragments, H2A and H2B coding sequences in the 2.3 kb fragment and coding sequences of H3 and H4 in the 2.9 kb fragment. This is in agreement with the organization of genes in clone pDh6/7 ( fig  2, see below) . Moreover the genomic clone pDh6/8 with an insert of 2.3 kb is in its restriction pattern (BamHI, Hhal and Pstl) identical to the region of pDh6/7 containing the genes H2A, H2B and the 3' region of HI.
RESULTS AND DISCUSSION
The minor bands ( fig. 1 ) might represent orphan genes or genes coding for histone variants [25] located outside the gene cluster (cf [12] ), repeat units with either a deletion or with an inserted transposable element (cf [1, 13] ) or fragments at the border of the tandemly arranged repeat clusters. The copy number of the histone gene cluster per haploid genome is determined to range between 120 and 140. By in situ hybridization it was determined that the cluster is located on chromosome 3 in band 50 A which is in agreement with the results of Boender [26] .
The general structure of the D. hydei histone repeat unit present in clone pDhH6/7 is shown in figure 2 . The total length of the D. hydei repeat unit is 5153 bp (base-pairs). The sequence is presented in figure 3 . After sequencing, the genes were located with aid of the D. melanogaster sequence of an L repeat unit [1] . The arrangement and orientation of the genes within the cluster is the same as in D. melanogaster [1, 9] .
Upstream sequence elements
The 5' upstream regions of the histone genes were examined for sequence elements relevant to regulation and initiation of transcription using data from the literature for upstream sequence elements of histone genes.
Cap site and TATA box: We searched upstream of the ATG codon for TATA boxes and presumptive cap sites. These elements are marked in Fig. 3 . For determining the presumptive cap sites we used the consensus sequence for initiation of transcription as defined by Breathnach and Chambon [27] , the consensus sequence for cap sites of Drosophila genes, TCAGTT/C, deduced from sequences given by Snyder el al., [28] , the distance between TATA box and cap site (25 to 30 bp in eukaryotic genes transcribed by RNA polymerase II [27] ) and the sequence similarity between the upstream regions of the coding regions of the D. melanogaster histone genes [ 1 ] .
The cap site of the HI gene of D. melanogaster has been determined by SI mapping at -34 ± 2 bp from the start codon [29] . A homologous sequence of 6 bp is found in the D. hydei HI upstream sequence at -38 bp from the ATG codon (pos. 964 ). A clear TATA box is not found within 150 bp upstream of this presumptive cap site. No sequence similarity to the TATA box of D. melanogaster HI gene [1] , located at -82 bp from the cap site, is found in the respective region of D. hydei. It is not a common phenomenon that HI genes lack a TATA box or have a TATA box at a significantly larger distance from the cap site (see 30, 31 ) . Alternatively, a 5 bp sequence (GCAAA) (pos. 992) may serve as a TATA box. GCAAA occurs in the HI promoter region of both D. hydei (-22 bp from the cap site) and D. melanogaster (-25 bp from the cap site).
The transcription initiation site of many histone genes is located within the consensus sequence PyCATTCPu [32] [33] [34] . This also holds true for the most likely candidates for cap site sequences of D. hydei and D. melanogaster histone genes. The presumptive cap sites resemble this sequence better than the consensus sequence for the D. melanogaster cap sites as given above.
Generally occurring upstream sequence elements: CAT box and Spl binding site:
The CCAAT box and the Spl binding site (GGGCGG or GC box) are generally found in histone genes ( [35, 36] , see also [30] ). Neither D. hydei nor D. melanogaster gaster histone genes contain upstream sequences identical to either the CAT or the GC boxes. However, an exact match to the CAT box and GC box sequences seems to be necessary for function [37] [38] [39] . Since the Spl and CCAAT binding factors are absent in Drosophila culture cells, [40] these factors are probably not general transcription factors in Drosophila.
Promoter elements specific for histone genes. Most histone HI genes contain the HI-specific promoter element ( [41] , see also [30] ). The HI genes of both D. hydei and D. melanogaster have similar elements in their 5' upstream regions as do the upstream regions of the core histone genes if one mismatch is accepted.
The H2B-specific octamer ATTTGCAT is generally highly conserved (see [30] ). In the H2B genes of D. hydei and D. melanogaster such a octamer sequence can only be identified if 4 and 3 mismatches respectively are accepted. It is unlikely that they are funtional since mutation of two nucleotides in the octamer eliminates its function in a human H2B gene [42] .
Both the HI-specific as well as the H2B-specific element are assumed to be required for cell-cycle-dependent regulation of transcription in human cells [42, 43] The lack of these two elements in the corresponding Drosophila histone genes that have been studied so far, suggests that factors involved in cell-cycledependent regulation of transcription of histone genes in Drosophila may be different from those in other eukaryotes
To find promoter sequence elements shared by all five D. hydei histone genes we looked for perfect matches of at least 5 bp in the 5' upstream regions. One element (CCCTCT/G)occurs at -104 to -184 (pos. 1039, 2758, 2798, 4261 and 4317) from the ATG of all the D. hydei histone genes (see below). In D. melanogaster such an element is only found upstream of the HI gene as part of the 16 bp conserved element (see fig. 4 ). The functional significance of the CCCTCT/G element, needs to be analysed experimentally. Possible promoter elements are indicated below.
Conserved sequence elements in the 3' region
In the 3' non-protein-coding regions of cell-cycle regulated histone genes two conserved sequence blocks are found, namely a region of about 24 bp including a palindromic sequence and a purine-rich sequence 13 -17 bp downstream of the palindrome ( [30, 44] for review see [45] ).
Both sequence elements are found in the 3' downstream region of the D. hydei histone genes ( fig. 3) . The consensus sequence which can be deduced from the D. hydei and D. melanogaster genes confirms the consensus given by Wells [30] . The palindrome sequences of the HI genes of both species differ from those of the core histone genes: the position of the inverted repeats, the imperfectness of the inverted repeats and divergence of their sequences between D. hydei and D. melanogaster. The distance between the repeat and the stop codon is significantly longer in the HI gene than in the core histone genes (73 bp in D. hydei, 85 bp in D. melanogaster). The distance in most histone genes given by Wells is about 30 bp with a maximum of 59 bp. Furthermore in both D. melanogaster and D. hydei the inverted repeat is imperfect which is also an exception (see 30 ) . While the palindrome is perfectly conserved between the core histone genes of D. melanogaster and D. hydei, for the H1 gene 3 out of 16 nucleotides are different. Among Drosophila species the purine-rich region is less well conserved than in sea urchin, thus resembling the situation in vertebrates [45] . Since the purinerich region, together with the U 7 snRNA, is necessary for 3' end processing [46] , it would be worthwhile to determine for the Drosophila U7 snRNA whether the larger sequence divergence in the purine-nch region finds its complement in a longer region of complementarity to the U 7 snRNA as was found in mammals [47, 48] For mouse histone H3 it has been shown that the palindrome sequence is involved in posttranscnptional, cell-cycle-dependent regulation of the mRNA level. The conservation of the 3' downstream sequence elements suggests that this part of the cellcycle-dependent regulation of histone mRNA levels in Drosophila is similar to that in vertebrates. This is in contrast to sequence diversity in the elements involved in the regulation of transcription (see above).
Structure of the spacer regions
The spacer regions of the histone repeat of D. hydei were screened for the occurrence of repeats, simple sequences and purine-pyrimidine stretches and they were compared with each other. The designation 'spacer region' is used for those regions of the repeat unit not coding for proteins. All spacer regions are AT-rich. Short (3-6 bases) homopolymers of dA or dT are often found, but rarely runs of dG or dC. This is regularly observed in spacer regions of histone genes, for example in D. melanogaster• [1] , sea urchin [49] [50] [51] [52] , in Xenopus [35] , trout [53] , and in the sea star [54] . The short homopolymers of dA or dT might have a function in nucleosome positioning since homopolymeric runs longer than 4 or 5 bp have preferential rotational settings on the nucleosome supercoiJ [55] .
Short simple repeating sequence elements of two or three nucleotides in length and longer repetitive elements are frequent in histone gene spacers ( [35, 50, 53, 56] ). In the histone gene spacers of D. hydei neither was found. No simple repeating sequence elements with more than three repeats are present. The fact that the (GA)10 element of H3-H4 spacer of D. melanogaster is not found in D. hydei, although the region in which the GA repeat starts is conserved between both species, in combination with the differences which are generally found in histone gene clusters with regard to simple sequence elements [35, 50, 51] support the idea that these elements in general have no specific function in gene expression [57] ).
Alternating purine-pyrimidine stretches longer than 6 bp are also not found in the D. hydei histone gene spacers.
The different spacers of the D. hydei histone repeat show no extensive homology with each other. Analyses were done with dot matrices (window-stringency 11-8). The similarities immediately upstream and downstream of the protein coding region are somewhat higher than in the spacer regions in between.
The leader regions between the presumptive cap sites and the ATG codons of the different histone genes seem to be constructed of homologous AT-rich elements. Their positions differ however in the different leaders. Most of these elements are related to the sequence AGTGAA. AGTGAA elements are found once or twice in each of the leaders of the five histone genes in D. hydei ( fig. 4) as well as in D. melanogaster [1] . Only the H3 leader in D. hydei shows the sequence AGTGA. Matsuo and Yamazaki [ 1 ] suggested a function of this element specific for Drosophila histone gene expression. This is supported by the conservation of this element in the histone genes of D. hydei.
At the 3' ends of the genes homology is restricted to the palindrome and the purine-rich region (see above).
SAR:
The existence of a scaffold attachment region (SAR) in the HI -H3 spacer of the D. melanogaster histone repeat unit has been reported [58] [59] [60] . It is suggested that SARs may border functional units in the chromatin (for review see [61] ). Because of the basic similarity in organization of the histone genes we analysed the D. hydei histone gene cluster for the existence of a SAR with the same criteria 59, 60 . They are: (1) enrichment of topoisomerase II cleavage site consensus sequences (GTNA/TAC/TATTNATNNG) [62] (2) the occurrence of A boxes (AATAAAT/CAAA) and T boxes (TTA/TTT/ATTT/ATT). We repeated these analyses for the sequence of the D. melanogaster [1] . According to table 1, in D. melanogaster the HI -H3 spacer shows a clear enrichment Table 1 The number of sites are given per 100 bp. *, in contrast to Gasser and Laemmli [60] we find only 10 topoisomerase n sites in the Hinfl-EcoRI fragment (including the SAR region) by using the criteria defined by the authors. They give the number of 18. of sequences homologous to the topoisomerase II cleavage site and both A and T boxes occur. In D. hydei, however, the enrichment in topoisomerase II cleavage sites is less prominent. In addition, both the H2B-H1 and to a lesser extent the H4-H2A spacer regions show more topoisomerase II cleavage site homologies per 100 bp than the HI -H3 spacer region and in addition contain A and T boxes. This picture of topoisomerase II cleavage site enrichment did not change for nucleotides which are in position comparable to the SAR in the D. melanogaster HI -H3 spacer. In contrast to the situation in D. melanogaster, the H2B-H1 spacer in D. hydei, would be the most likely candidate for having a SAR since it contains 1.4 topoisomerase II sites. This means that either the SAR in the HI -H3 spacer is not conserved in D. hydei or the criteria given [59, 60] are not generally applicable to detect SAR regions.
Comparison of the D. hydei and D. melanogaster histone repeat unit The protein coding regions of the core histone genes of both species are of the same length. The HI protein coding region of D. melanogaster, however, codes for a protein which is 7 amino acids longer than that of D. hydei (see below). Otherwise the difference in length between the repeat units of both species is due to length differences in the spacer regions, mainly in the spacers between the H1-H2B and H2-H4 genes. The high degree of length conservation of the spacers of the H2A-H2B and H3-H4 genes, which are transcribed in opposite directions, is barely reflected in sequence conservation. Also the HI-H3 spacer shows a high degree of length conservation which might be correlated to the functions of a SAR (see above).
Protein coding sequences:
We compared the amino acid sequence of the histones as it can be deduced from the sequence of clone pDhH6/7 of D. hydei ( fig. 3 ) with those for D. melanogaster [1] . The amino acid sequences of the core histones are identical (H4 and H2A) or nearly identical (H3 and H2B). In H3 there is one conservative amino acid substitution in position 117 which is a valine in D. hydei and an isoleucine in D. melanogaster. In H2B there is a nonconservative amino acid substitution from asparagine in D. hydei by threonine in D. melanogaster in the N terminal region of the protein at position 22. The N terminal region is the most variable region of H2B [63] .
For all organisms HI is the least conserved of all histones [64] . The N and C terminal parts generally show a high degree of sequence variation in comparison to the globular part which includes a central stretch of about 80 amino acids [63] [64] [65] [66] . An alignment of the H1 amino acid sequence of both species was made ( fig. 5) fig. 4) are functional promoter elements has to be determined experimentally. Sequences of further Drosophila species which could give additional information are unknown.
Silent site substitution rate: Histones, with the exception of HI, are that highly conserved [64] that amino acid substitution rates can only be calculated over relatively long periods of divergence. However, the phylogenetic distance between D. hydei and D. melanogaster results in a significant amount of silent site substitutions at the DNA level. The highly repeated sea urchin histone genes, coding for H3 and H4 necessary in early embryogenesis, evolved at the silent sites with a constant rate of 0.5-0.6% base changes-Myr (million years) [68] (method: [69] ). We used the same method (GCG Sequence Analysis Software Package) to calculate the silent site substitution rate for the Drosophila histone genes (table 2). The substitution rate for H4 of Drosophila is about 1.3-3 times higher than for sea urchin. The rate for Drosophila H3 is 1.7-4.2 times higher than that for sea urchin H3. The values for H2A and H2B are comparable to those for H3.
Our results indicate that the silent site substitution rate for histone genes in Drosophila is generally higher than in sea urchins and thus that histone genes in different organisms do not mutate with a constant rate at silent sites. This is in agreement with data, showing that the rates of silent site substitutions vary among groups of animals and among genes [70] [71] [72] .
The differences in the rates of silent site substitution might result from differences in the generation times, which differ largely between Drosophila and sea urchin, and/or selection 
14-2.3
The percentages of silent site substitutions were calculated using the program diverge of the GCG software (method: [69] ). Because of restrictions in the program it was not possible to calculate a percentage of silent site substitutions corrected for multiple hits for the highly diverged HI genes. The time of divergence between D. hydei and D. melanogaster is estimated to range between 30 and 60 million years [73, 74] . The two values given in column 2 represent the percentage silent site substitution per million years using the two extreme values of the divergence time. Myr, million years; sss, silent site substitutions.
pressure on codon usage as discussed by Britten [70] and Li and coworkers [71] .
CONCLUSIONS
The genomic organization of the histone genes of D. hydei resembles closely that of D. melanogaster. The DNA sequence similarity in the 5' and 3' regions of the individual histone genes between D. hydei and D. melanogaster indicate that the regulation of transcription of the histone genes in the genus Drosophila, and possibly in insects in general, involves regulatory elements different from other higher eukaryotes. 2 All positions given in the text relate to Figure 3 . We refer always to the position of the first nucleotide of a sequence element relative to the beginning of the sequence of the repeat unit. Distances between two sequence elements are given as the number of nucleotides from the last nucleotide of one sequence element to the first nucleotide of the second element relative to the beginning of the sequence as shown in Figure 3 .
INTRODUCTION
The hexameric myosin molecule is an asymmetric structure consisting of a filamentous tail and two globular heads, functioning as both a structural protein and an ATPase enzyme. Two non-identical light chains (LCs) (molecular weights from 16-27 kDa) associate with each of the myosin heads. The myosin light chain 1 class (LCI) (which includes the fast-twitch skeletal myosin LC3) is also called the alkali or essential light chain because it has been thought to be necessary for the maintenance of ATPase activity (1 -3). The light chain 2 (LC2) family is also called the DTNB or regulatory light chain class. In smooth and nonmuscle cells, phosphorylation of this light chain activates ATPase activity and contraction, playing a crucial role in tension development or motility processes (for a review see (4)).
Myosin isoforms arise by the assembly of heavy and light chain variants encoded by multigene families. It is thought that the heavy chains are of greater importance in the determination of myosin's enzymatic activity than the light chains. For instance, in mammalian ventricular muscle, two native myosin isoenzymes which differ in their heavy chain subunits have radically different ATPase activities despite identical light chain complements (5) (6) (7) (8) . However, two isoforms of mammalian fast-twitch skeletal myosin or its subfragments which differ only in their alkali light chain content (light chain 1 vs. light chain 3) have been separated (9) (10) (11) (12) (13) (14) (15) (16) , and show differing actin affinities and ATPase kinetics (9, 11, 13, 14) . At the physiologic level, a recent study showed that skeletal muscle fibers containing the two different alkali light chain isoforms had different velocities of shortening (17) . Thus, it would seem that the alkali light chains may in some way modulate the biochemical and physiological properties inherent in the heavy chain structure.
Several myosin LCI cDNA sequences have been obtained in addition to those identified in previous years by direct protein sequencing (18) (19) (20) . The nucleotide sequences for the skeletal muscle fast-twitch alkali light chains (light chains 1 and 3) have been deduced for chicken (21, 22) , mouse (23) , rat (24) , and human (25) , and distinct atrial and ventricular myosin LCI cDNAs have been reported in mouse (26) (27) (28) , human (29) , and rat (30, this report). The adult mammalian ventricular LCI isoform and its corresponding mRNA are also expressed in adult slow skeletal muscle (27, 29, 30) , while the adult atrial LCI protein and mRNA are found in embryonic skeletal (26, 27, 29, 31) and ventricular (29, (31) (32) (33) , this report) muscles.
In the present study, we isolated the full length cDNA for the rat atrial form of myosin LCI. The nucleotide and deduced amino acid sequences were compared with reported LCI sequences. Greatest homology was seen with atrial LCI sequences from other mammalian species. The expression of rat atrial (rAMLCl) and ventricular (rVMLCl) (30) LCI mRNAs were studied in the hearts of developing animals, and in normal and hypertensive adult hearts. rAMLC 1 is not expressed in adult ventricular or skeletal muscle tissue. In 12-and 16-day fetal rat hearts and the ventricles of 1 day-old neonatal rats, rAMLCl is coexpressed with rVMLCl in relative proportions which change with development. In 9-day neonatal ventricles, only rVMLCl mRNA is present. However, rAMLCl is the exclusive LCI mRNA expressed in atrium throughout development. In contrast to a study which showed induction of the ventricular LCI mRNA in the overloaded atria of human subjects (29) , examination of the RNA from the atria and ventricles of rats with * To whom correspondence should be addressed renovascular hypertension in the present study showed no difference in LCI expression from the pattern seen in control animals.
MATERIALS AND METHODS cDNA library Construction and Isolation of rAMLCl Inserts
A cDNA library was constructed from whole adult rat hearts and double-screened with a 400 bp internal EcoRI fragment of the rat skeletal muscle MLC1-3 clone (generously provided by B. Nadal-Ginard) and an oligonucleotide specific for the 3'-untranslated region (3'-UTR) of the rat ventricular myosin LCI cDNA (5'-AGATGGCATGTCCCCAGCTTG-3') (30) . A cDNA insert positive for the MLC1-3 fragment, rAMLCl c , was subcloned into pTZ19r (Pharmacia), subjected to serial 3' exonuclease digestions (34) with the Erase-a-Base system (Promega), and then sequenced by the dideoxy chain termination method using double-stranded templates and the Sequenase kit (35) . A StuI-SacI cDNA restriction fragment comprising nucleotides 227 to 367 of rVMLCl was then used to isolate a more 5' portion of the atrial LCI cDNA, rAMLCl B , from the library. The final, 5'-most insert of rAMLCl, rAMLCl A , was obtained by screening the library with an oligonucleotide derived from RNA sequencing (see below). rAMLCl A and rAMLCl B were sequenced as above. The position of the three component inserts of the rAMLCl cDNA are shown in Figure 1A .
Hypertensive Rat Model and RNA Preparation
The renovascular model of hypertension employed has been described (36) . Blood pressure measurements were made weekly under light ether anesthesia. Animals were kept hypertensive (blood pressure > 150 mm Hg) for four or more weeks to ensure that an adaptive response had occurred, as indexed by changes in myosin heavy chain mRNA expression (30) . For RNA isolation, adult rat hearts were removed under ether anesthesia, connective tissue was trimmed away, and the atna were separated from the ventricles, making sure not to include any ventricular tissue. The upper portion of the ventricle was then trimmed to remove any contaminating atrial material, and both portions of the heart were immediately frozen by immersion in liquid nitrogen without attempting to separate the right and left chambers. Fetal rat hearts were obtained intact, while neonatal atria and ventricles were carefully separated under a dissecting microscope. Skeletal muscle tissues were dissected from an adult, normotensive animal as described (30) . RNA was prepared from adult hearts using a modification of the method of Chirgwin (37) , and from pooled fetal hearts or separated neonatal atria and ventricles (20-30 tissues/preparation) by the method of Chomczynski (38) .
RNA Sequencing
An oligonucleotide primer (# 1 in Fig. 1 A) was synthesized as the reverse complement of nucleotides 227 to 246 in Figure IB (5'-TCTCCAGTTGGAGTCCGGTC-3'), end-labeled with 32 P[ATP], and used for RNA sequencing by procedure #2 as described (39) , with slight modifications. 20-40 ng of labeled primer was annealed with 2.5-10 /ig atrial poly(A)+ RNA for 0.5-4 hours at T(m)-12°C. Accurate sequence was generated 80-100 nucleotides in the 5' direction, allowing the synthesis of a second oligonucleotide (#2 in Fig. 1A) complementary to nucleotides 168-189 in Figure IB (5'-TCGGCACTGAA-GTCTATCTTCA-3'). This second oligonucleotide was used in subsequent screening of the rat cardiac library to obtain the rAMCLl A insert. 
RNA Hybridization Analysis
Purified RNA was electrophoresed in MOPS/formaldehyde gels, transferred to Genescreen (Dupont) or Nytran (Schleicher and Schuell) filters by established methods (40) , and UV crosslinked (Stratagene Stratalinker). Filters were then hybridized with terminally [
32 P]-labeled oligonucleotides complementary to the 3'-UTRs of rVMLCl (see above) and rAMLCl (see #3 in Figure 1A ; nucleotides 715-732; 5'-GGCCGTGGGTCTG-CGAGG-3')-4.0X10 5 to 2xlO 6 cpm/ml of labeled oligonucleotide was hybridized at T(m)-12°C in a buffer containing: 5x SSC; 7% sodium dodecyl sulfate (SDS); lOx Denhardt's (40); 20 mM sodium phosphate (pH 7.0); 10% dextran sulfate; and 200 /ig/ml salmon sperm DNA. Initial washes were conducted at hybridization temperature with 3x SSC; 10x Denhardt's; 20 mM sodium phosphate (pH 7.0), and 5% SDS, and later washes used lx SSC, 1% SDS; 20 mM sodium phosphate.
RESULTS
Isolation of a Full Length Rat Atrial LCI cDNA Clone
Three cDNA clones were isolated, that together encode rAMLC 1. A schematic of these clones, along with the positions of oligonucleotides used in this study, is shown in figure 1A . The first clone isolated, rAMLCl c , hybridized to the rat skeletal muscle LCI-3 probe but not to the ventricular LCI oligonucleotide. Sequencing analysis showed that this insert included the last 416 bp + the poly(A) tail of the putative atnal mRNA. The library was re-screened with a restriction fragment from the internal portion of rVMLCl. One resulting clone (rAMLC 1B), was found to be 155 nucleotides in length, and could be joined by a terminal EcoRI restriction site with insert rAMLCl c while still maintaining an open reading frame. To obtain more 5' sequence, RNA sequencing was employed using oligonucleotide # 1 as primer (Figure 1 A) , allowing the synthesis of oligonucleotide #2. rAMCLl A was isolated after rescreening the library with oligonucleotide #2. This third clone included an initiation codon and 150 nucleotides of translated message which was preceded by a short stretch of 5'-untranslated sequence. The putative protein sequence of rAMCLl A was found to be in frame with that encoded by rAMCLl B when the two inserts were joined. rAMLCl A , rAMLCl B , and rAMLCl c are respectively 199, 155, and 416 residues in length. When joined at the two internal EcoRI sites, the three clones yielded a translatable sequence of the appropriate size for LC1, indicating that the EcoRI sites were encoded by the mRNA and are not artificial linkers created in the library construction. Figure IB shows the complete nucleotide and predicted amino acid sequences of rAMLC 1. The entire cDNA is 770 nucleotides long excluding the poly(A) tail, has 49 nucleotides of 5' flanking sequence, and 139 nucleotides of 3'-UTR sequence. When compared with the nucleotide sequences from mouse atrial (26) , rat ventricular (30) , and human atnal and ventricular cDNAs (29) , rAMLC 1 shows greatest homology with the mouse and human atrial LCls (90.2 and 85.7%, respectively), compared with 72-75% homology with the rat and human ventricular isoforms. The rat and mouse atrial cDNAs contain 3'-UTRs of virtually the same length which are 74.1 % homologous, while comparative analysis of rat and human atrial 3'-UTRs shows 64.4% homology over a short stretch of only 59 nucleotides. No sequence homology is seen between the 3'-UTRs of atnal and ventricular isoforms in any species.
The rAMLCl cDNA encodes a protein of 193 amino acids, compared to 193, 200, 197, and 195 amino acids for the mouse atrial, rat ventncular, human atrial, and human ventricular LCI cDNAs, respectively. The predicted molecular mass of the rat atrial protein is 21,282. It has the greatest amino acid sequence homology with the mouse and human atrial LCI isoform(s) (95.3 and 87.8%, respectively), indicating that rAMLCl encodes the rat atrial LCI. rAMLCl shows 75.4% homology to both the human ventricular and rat ventricular isoform (Figure 2) . The amino termini of the various LCls show a high degree of vanability At residues 18-22 the rat ventricular form contains a block of 5 additional amino acids not found in any of the other light chains, while the human atnal isoform contains 4 additional amino acids at residues 36 -39 which have no corresponding constituents in the other molecules. Both the rat and human ventricular isoforms contain two extra residues at positions 41 -42 not found in the atria] isoform(s). The carboxyl termini of the different LCls are much more highly conserved. This probably reflects the conservation of functional activities such as divalent cation binding, which has been mapped to a domain within this portion of the LCI molecule (41).
rAMLC 1 is Developmentally Regulated and Expressed in a Tissue-Restricted Manner
To confirm that rAMLC 1 is an atria! isoform, we carried out hybridization studies on RNA prepared from adult rat atria and ventricles, using ohgonucleotides specific for the 3'-UTRs of rAMLC 1 and rVMLCl (30) . These two probes hybridized respectively only to rat atnal and ventricular RNA, verifying the identity of rAMLC 1 and that each tissue contains unique alkali light chains (refer to control lanes of Figure 4 ). An investigation of the RNA expression in adult rat skeletal muscles showed that, unlike the ventricular isoform, rAMLC 1 is not present in slowtwitch or fast-twitch muscle (data not shown).
The developmental progression of atnal and ventricular LC1 expression in rat hearts is presented in Figure 3 . Total RNA was prepared from the hearts of mid-term (approximately 12 -13 days gestation), and late-term (16-17 days) rat fetuses, from the atria and ventricles of newborn rats (<24 hours post natal), and from the atria and ventricles of 9 day-old neonates. In 12-day fetal hearts, the relative amount of the atnal LCI mRNA was approximately 3 to 4-fold greater than that of the ventricular mRNA, while at day 16 of gestation, the amounts of the two light chain mRNAs were more equal. In the ventricles of newborn rats, a significant amount of atnal LCI RNA was seen, although the relative amount of ventricular LC 1 mRNA was somewhat greater at this time point. However, by 9 days of neonatal life, only the ventricular LC 1 mRNA was evident in ventricles Only the rAMLC 1 mRNA was apparent in the atria of neonatal animals at both time points. These changes observed in LCI mRNA imply that at least part of the regulatory influence on developmental contractile protein expression is exerted pre-translationally. heavy chains (42) (43) (44) (45) (46) , and induce the expression of ventncular LC isoforms in atnal tissue (33, 47, 48) . To investigate the effects of altered cardiac function on myosin LCI mRNA expression, total RNA was prepared from the atna and ventncles of rats with established renovascular hypertension. We have previously shown (30) that animals with this condition evidence a significantly greater ventncular level of/3 and lower level of a myosin heavy chain mRNA than normotensives. The RNA was probed with the previously described oligonucleotides specific for rAMLCl and rVMLCl (Figure 4 ). Age-matched undipped normotensive rats were used as controls. The development of hypertension did not appear to affect the expression of either LC 1 mRNA in atria or ventncles. rAMLCl continued to be the exclusive mRNA expressed in the atria, while rVMLCl was seen only in ventricles.
Effects of Hypertension on LCI cDNA Expression
DISCUSSION
In the present study, we have isolated a full length cDNA, rAMLCl, encoding the rat atrial isoform of myosin LCI. Our identification of this clone is based upon its nucleotide and amino acid sequence homology with the mouse and human atrial light chain cDNAs (26, 29) as well as RNA analysis revealing its expression in the adult atrium and fetal heart. Unlike the ventricular LCI mRNA, rAMLCl RNA is not found in slow (or fast) adult skeletal muscles. The RNA corresponding to rAMLCl is present in significant levels along with ventricular LCI mRNA in mid-and late-gestation embryonic rat hearts, as well as m the ventricles of 1 day neonatal rats, although rAMLCl mRNA is not seen in the ventricles of 9 day-old neonates. These results are consistent with previous studies showing atnal LCI isoforms in fetal mammalian ventricles at both the RNA (29) and protein (31) level. They imply that atrial LCI mRNA is coexpressed along with ventricular LC 1 mRNA in fetal ventricles, and that birth initiates a process whereby expression of the atnal isoform becomes confined to the atrium. This paradigm corresponds well with the findings of Pnce et al. (32) , who showed that the relative level of atnal LC 1 protein expression in 8 month-old human ventricles was decreased from that seen in embryonic ventricles, while in 7 year-olds, none of the atrial isoform was seen. The identification of distinct atrial and ventricular forms of myosin LC 1 mRNA in rats is consistent with the results in the other mammalian species which have been studied, but in the hearts of amphibia (frogs) (49) form of LCI has been found, the latter of which (MLC1 V ) has been directly sequenced in chickens (19) . A chicken 'embryonic' alkali light chain of approximate molecular weight 23 kD (L23) has been observed in large amounts in fetal gizzard muscle (52, 53) as well as in fetal skeletal and cardiac muscles (54) The cDNA for this isoform has been isolated and its corresponding mRNA has been observed in several fetal chicken tissues, as well as in adult brain (55) , suggesting that L^ is a non-muscle form of LC1. Comparison of its amino acid sequence with that of the mouse atrial LCI has shown that L23 is more closely related to this isoform than to the rat skeletal muscle alkali light chains (LCI and LC3) or the chicken cardiac isoform (MLC1 V ) (26) . Such homology seems remarkable considering the variety of tissue types and the evolutionary divergence of the two species in which the two LC 1 mRNAs are expressed. These observations suggest that, compared to the ventricular isoform, mammalian atrial LCI may be a more 'primordial' form, whose expression is selected for in embryonic muscle and other tissues where organized sarcomeres are not present The most extensive investigation into the effects of hypertension on myosin LC expression was performed by Cummins (33) . Using two-dimensional protein gel electrophoresis, he showed that atrial hypertension caused a switch in myosin LC2 expression from the atrial to the ventricular isoform, the degree of which correlated with the extent of pressure elevation. Such an atnalto-ventricular shift in LC 1 expression was observed only in the two patients with severest pathology of the 83 subjects studied, implying that changes in LC 1 expression are much less responsive to pressure overload than LC2. Consistent with this idea, spontaneously hypertensive rats (SHR), a genetic model of chronic hypertension, expressed three times more ventricular LC2 message in the atria than age-matched control normotensives (47) , even though no ventricular LCI mRNA was seen in the atria. Thus, the lack of change in LCI expression with the rather mild model of renovascular hypertension employed in the present study is not unexpected. Nonetheless, in humans, ventricular LCI mRNA was induced in the left atrium of a patient with mitral regurgitation and in the right atrium of a patient with primary pulmonary hypertension (29) . The degree of atrial hypertension in these subjects was almost certainly more extreme than in the rat models, and was verified by catheterization measurements (29) . Additionally, the human pathologies studied, such as mitral regurgitation, often involve a valvular defect in addition to the hypertension, imposing an additional volume load on the affected atrium.
The foregoing observations make it difficult to propose a single unifying theme for the control of myosin expression in the face of overload-type pathologies. A previous study employing the same model of rat renovascular hypertension as the present one (30) showed a significant a-to-/3 shift in myosin heavy chain mRNA expression in the ventricles of the affected animals after four weeks of chronic blood pressure elevation, while no change in ventricular LCI mRNA was seen. This implies that the different myosin subunits have differential sensitivities to increased external stress. Rather than causing the coordinate induction of a unified group of genes which code for specificallymatched pressure-responsive isoforms of the heavy and light chains, it seems that a given level of overload elicits a series of separate regulatory processes which lead to varying patterns of subunit expression. Elucidation of the relationships between these processes must await the results of further work on transcriptional activation.
